Introduction
Epoxidation with aqueous hydrogen peroxide is very important from the viewpoint of industrial technology and synthetic organic chemistry, since hydrogen peroxide is cheap, environmentally clean, and also easy to handle. In recent years, it has been reported that olefins can be epoxidized with dilute hydrogen peroxide by molybdenum and tungsten-derivatives as catalysts under phasetransfer conditions.1)-3) On the other hand, heteropoly acids (HPA) have frequently been used not only for oxidation of organic substrates but also for many acid-catalyzed reactions owing to their dual characteristics:
oxidizing ability and strong acidity.4) Therefore, the use of HPA for oxidation of olefins by hydrogen peroxide usually brings about trans-glycols due to the cleavage of the resulting oxirane ring by subsequent electrophilic attack of HPA itself.
However, HPA in conjunction with an appropriate ammonium salt such as cetylpyridinium chloride (CPC) acts as an efficient epoxidation catalyst of allylic alcohols and olefins in the presence of aqueous hydrogen peroxide.5), 6) In a previous paper, we reported that 12-molybdophosphoric acid (MPA) in the presence of CPC and/or tricetylpyridinium-12-molybdophosphate (CMP) prepared in advance from the reaction of MPA and CPC underwent epoxidation of allylic alcohols with commercially available aqueous hydrogen peroxide in good yields.5),6) In this epoxidation, a peroxomolybdenum species (peroxo-CMP) which serves as the actual epoxidizing agent is isolated and prepared independently by treating the CMP with excess hydrogen peroxide. The treatment of olefins with stoichiometric peroxo-CMP thus prepared
gives the corresponding epoxides in almost quantitative yields.7) The catalytic cycle for this epoxidation has been outlined in Scheme To the stirred solution of WPA (75mg, ca 0.026 mmol), CPC (28mg, 0.078mmol) and 35%-H2O2 (960mg, ca 9.8mmol) in chloroform (15ml), olefin (6.5mmol) was added dropwise, and then the mixture was allowed to react under certain prescribed conditions. After the reaction, partially precipitated catalyst was removed by filtration, and the filtrate was treated with a solution of sodium sulfate to decompose unreacted hydrogen peroxide, then treated with 10%-sodium hydroxide. Epoxides were extracted with chloroform and isolated by distillation under reduced pressure or by chromatography on silica-gel.
Epoxidation of 1-Octene by Peroxo-CWP To the stirred solution of peroxo-CWP (743mg) containing about 1mmol of active oxygen in chloroform (15ml), 1-octene (112mg, 1.0mmol) was added dropwise, and the mixture was allowed to react under refluxing chloroform for 3hr. After removing the precipitate, the product was subjected to medium-pressure liquid chromatograph (2) by oxy-metal compounds, H2MoO4 and H2WO4, and by their corresponding heteropoly acids, H3PMo12O40 (MPA) and H3PW12O40 (WPA), it was found that the epoxidation was catalyzed not solely by molybdate or
1-Octene (6.5mmol) was allowed to react with 35% H2O2 (9.8mmol) using catalyst (0.026mmol) in b) Numbers in parentheses showed the molar ratio of additive to catalyst. c ) t-BuOH (15ml) was used as solvent. d) 1,2-Octane diol was formed as the main product.
tungstate ions (Runs 1 and 2) . While the epoxidation of 1 to 2 with aqueous hydrogen peroxide (35%-H2O2) was successfully carried out under the influence of 12-tungstophosphoric acid (WPA) in the presence of 3 equivalents of cetylpyridinium chloride (CPC) (abbreviated as WPA/CPC system) under the two-phase condition using chloroform as the solvent (Run 3), 1 was epoxidized to 2 in only 41% yield by the previous method employing 12-molybdophosphoric acid.6) Under homogeneous conditions using tert-butyl alcohol as the solvent, however, 1 yielded a considerable amount of a cleavaged product, 1,2-octanediol (Run 4). The tricetylpyridinium-12-tungstopho-O40)3-, prepared in advance from the reaction of WPA and CPC, was for epoxidation of 1 (Run 5) somewhat ineffective compared to that of the WPA/CPC system. There is a significant difference in the catalytic systems of WPA/CPC and CWP. In the WPA/CPC system, which produces CWP with evolution of hydrogen chloride (cf. Scheme 1), the reaction medium is slightly acidic because of the resulting hydrogen chloride; but in the CWP system, the medium is not acidic.
Comparing the effectiveness of the two catalytic systems, WPA/CPC and CWP, for epoxidation of 1 provides some notable features of catalysis. The fact that epoxidation proceeded more rapidly with the WPA/CPC system suggests that the epoxidation depends subtly upon the acidity of the reaction medium. Indeed, the epoxidation of 1 catalyzed by CWP was facilitated markedly by the addition of a very small amount of 1N-sulfuric acid to the reaction medium (Run 6). In previous epoxidation of 4-vinyl-1-cyclohexene (3) by molybdenum series, the MPA combined with CPC (MPA/CPC system) was less efficient than the CMP catalyst in contrast to the tungsten series where the WPA/CPC system was more efficient than the CWP catalyst. In the case of molybdenum, the hydrogen chloride generated in the reaction system influenced as an inhibitor for epoxidation of 3.
Owing to the complexity of the reaction medium of the present epoxidation method that adopted the two-phase system, it is difficult to predict accurately the effect of acidity of the aqueous phase on epoxidation. However, we can make several assumptions which seem to agree with the experimental data. In such a system, a molybdenum or a tungsten-peroxo complex, which serves as the actual epoxidizing agent, is formed in the aqueous phase, and it is transferred to the chloroform phase where the epoxidation takes place (Scheme 1). In fact, the treatment of CMP with hydrogen peroxide in water gave a peroxomolybdenum complex, which involves 1.4-2.4 mmol/g of active oxygen13), and the peroxocomplex obtained as a pale yellow precipitate, dissolved readily in chloroform.7) On the other hand, the corresponding tungsten compound (CWP) was treated with hydrogen peroxide under similar conditions to give a white precipitate whose iodometry and IR spectrum, however, showed no presence of peroxo-oxygen. However, WPA in the presence of 3 equivalents of CPC was treated in exess hydrogen peroxide to yield a peroxo-tungsten complex (peroxo-CWP) whose IR spectrum indicated the characteristic absorption bands at 545 and 570cm-1 which were assigned respectively to I and II.14),15)
Recently, it has been reported that peroxo-tungsten complex is prepared by treating 40% H3PO4 and pertungstic acid (prepared by dissolving H2WO4 in 30% H2O2) in the presence of tetrahexylammonium chloride.16) The treatment of 1 with the stoichiometric amount of peroxo-CWP thus prepared in chloroform formed epoxide 2 in good yield (Eq. 1)
From these results, it is probable that acidity of the aqueous phase affects the rate of formation of peroxo-complexes and their reactivities and stabilities in the reaction medium. Figure 1 shows typical time-dependent curves for the molybdenum and tungsten-catalyzed epoxidation of 3 to 4.
Epoxidation of 3 by molybdenum catalysts stopped at about 65% olefin-consumption before Eq. 1 reaching completion; but 3 was converted by the corresponding tungsten catalysts of 4 in good yields in a short time. A comparison of the three curves observed in the tungsten series provides the effect of acidity on the epoxidation. The rate of epoxidation by WPA/CPC system was about 1.8 times faster than that by CWP catalyst. The addition of hydrochloric acid17) to the CWP-catalyzed epoxidation resulted in an increase in the epoxidation rate as was expected. A similar result was obtained by the addition of 1N-sulfuric acid, but the addition of more concentrated sulfuric acid (10N-H2SO4) decreased the rate of epoxidation. These findings suggest that the epoxidizing ability of heteropoly tungstic acid be superior to that of the corresponding molybdenum compound and that the rate of the epoxidation be strongly influenced by the acidity of the reaction medium. Table 2 shows epoxidations of a variety of olefins with aqueous hydrogen peroxide catalyzed by the WPA/CPC system in chloroform.
Although terminal olefins such as 1-octene 1 are usually reluctant to oxidation, 1 was smoothly epoxidized with aqueous hydrogen peroxide by the WPA/CPC system to epoxide 2 in 86% yield. Epoxidation of dienes, such as 3 and 5-vinyl-2-norbornene (5), which involves two carbon-carbon double bonds whose reactivities are moderately different with each other could be achieved regioselectively. Diene 3 was epoxidized within 2 hr to form a stereoisomeric mixture of cis-and trans-3,4-epoxy-1-vinylcyclohexanes (4) (cis/trans= ca 1/1) in almost quantitative yield. Epoxidation of 5 took place regio-and stereo-selectively to give 2,3-epoxy-5-vinylnorbornane (6) as the sole product (Run 3). Dicyclopentadiene (7), having two reactive double bonds in the molecule, was readily epoxidized even at room temperature; but monoepoxides, 8 and 9, and diepoxide 10 were formed in a ratio of 60: 22: 18 (Run 4). The composition of these epoxides was dependent upon reaction conditions, especially, on temperature and on quantities of hydrogen peroxide. For instance, Allylic alcohols were also epoxidized with ease by aqueous hydrogen peroxide at room temperature. 3-Methyl-2-butene-1-ol (11) and a simple terpenoid alcohol, geraniol (13), were epoxidized in good yields to give respectively (Runs 6 and 7), 2,3-epoxy-3-methylbutanol (12) and epoxy geraniol (14) in which the allyic double bond was hydroxydicyclopentadiene (15) occurred exclusively at the allylic position to produce epoxide (16) along with a small amount of dehydrogenation product, enone (17). The directing and promoting effects of the hydroxy group of dicyclopentadiene derivatives on epoxidation have been discussed in a previous paper.18)
In conclusion, 12-tungstophosphoric acid (WPA) with aqueous hydrogen peroxide is a versatile epoxidation catalyst of olefins by controlling its acidity, by combining it with an appropriate ammonium salt such as cetylpyridinium chloride (CPC). This direct epoxidation method of olefins involving by commercially available aqueous hydrogen peroxide is very attractive from the viewpoint of both 
